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E-mail address: jinbo@tongji.edu.cn (B. Jin).The swelling deformation behavior of polymer gels is often described in terms of the Flory–Rehner frame-
work, in which the Flory–Rehner free energy function is based on the simplest afﬁne network model, does
not take entanglements into account. However, the real polymer networks have many chain entangle-
ments. In this paper, a new hybrid free energy function composed of the Edwards–Vilgis slip-link model
and the Flory–Huggins solution theory is presented for the prediction of the inﬂuence of chain entangle-
ments on mechanical behavior of gels. The simulation results of mechanical behavior in free swelling,
uniaxial extension, biaxial constraint and simple shear are presented. It is shown that in the nonentan-
gled state, this new hybrid free energy function reduces to the Flory–Rehner free energy function; in
the entangled state, the inﬂuence of entanglements on the mechanical behavior of gels is signiﬁcant,
the more entangled networks exhibit higher stress.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
By a gel we mean a system of chemically crosslinked polymer
chains mixed together with a low molecular weight liquid (Tanaka,
1987). The polymer and liquid components mix in deﬁnite propor-
tions as determined primarily by entropic and enthalpic effects. As
the small molecules mix with the long polymers, the network
swells, so that the conﬁgurational entropy of the network de-
creases, but the conﬁgurational entropy of mixture increases. The
magnitude of the equilibrium swelling ratio depends on the intake
of solvent, an increase or decrease in the amount of solvent gives
swelling and shrinking, respectively. Due to these properties and
their unparalleled responsiveness to various kinds of stimuli, poly-
mer gels have been widely used in medical devices (Peppas et al.,
2006), drug-delivery systems (Peppas et al., 2000; Qiu and Park,
2001), tissue engineering (Nguyen and West, 2002; Rowley et al.,
1999) and stimuli-sensitive actuators (Sershen et al., 2002).
Numerous theories have been proposed to describe the behavior
of diffusion and deformation in gel system. Gibbs (1878) pioneered
the development of a thermodynamic theory of nonlinear ﬁelds
associated with mobile molecules in an elastic solid. By combining
Gibbs’ thermodynamic theory and Darcy’s law, Biot (1941) formu-
lated a consolidation theory for ﬂuid–ﬁlled elastic porous solids. It
is worth mentioning that, although theories of Gibbs and Biot can
be used to analyze phenomena ranging from consolidation of soils
to deformation of tissues, both of them used phenomenological free
energy functions, and theirworkswere not speciﬁc for polymer gels.ll rights reserved.After that, some speciﬁcmathematicalmodels for the free energy of
the polymer gels have been proposed and used. Flory and Rehner
(1943)were amongst theﬁrst researcherswhodevelopedanexplicit
form of the free energy for polymer gels by combining the free en-
ergy of the Neo-Hookean model of elasticity with Flory–Huggins
mixing model. This classical model is still being used widely to de-
scribe various approximate behavior of polymer gels (e.g., Baek
and Pence, 2011; Duda et al., 2010; Kang and Huang, 2010).
However, it should be noted that the Neo-Hookean model used in
the Flory–Rehner model is derived from the assumption that the
end-to-end distance of a chain is small compared to the length of
the fully stretched chain, does not take chain extensibility into
account. Landau et al. (1986) proposed a speciﬁc form of the free en-
ergy function for an isotropicmaterial under small deformation. This
model was determined using the symmetry argument in the linear
theory of elasticity, assuming that the temperature of the gel is un-
changed. Doi (2009) modiﬁed this model by introducing items re-
lated to temperature, used this modiﬁcatory model to discuss the
swelling and shrinking of the gel induced by the temperature
change.WinemanandRajagopal (1992)developeda speciﬁc free en-
ergy function for polymer gels by combining the Mooney–Rivlin
model of elasticity with Flory–Huggins mixing model. This free en-
ergy function was also adopted by Deng and Pence (2010a,b) to
investigate mechanical behavior of polymer gels under saturated
and unsaturated conditions. It should be emphasized that the Moo-
ney–Rivlinmodel is based on a combination of statistical and empir-
ical arguments, usually valid for strains less than 100%. Baek and
Srinivasa (2004) considered the swollen polymer as a single contin-
uum, developed a speciﬁc form of the free energy function not only
contains the contributions of the free energy of network extension
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in the swollen polymer. In thismodel, the free energy due to stretch-
ing and mixing takes the Neo-Hookean model and Flory–Huggins
mixing model, respectively. Dolbow et al. (2004) developed a free
energy by combining the Neo-Hookean model and Flory–Huggins
mixingmodelwithmodiﬁcations.More recently, Chester andAnand
(2010, 2011) have developed a theory based on non-Gaussian statis-
tical mechanics of the polymer chains. The speciﬁc non-Gaussian
model implemented in Chester and Anand (2010, 2011) is what is
typically referred as the ‘‘8-chain model’’ or the ‘‘ Arruda Boyce’’
model, does take chain extensibility into account. Although the
non-Gaussian statistics ismore realistic relative to theGaussian sta-
tistics, it does not take into account the effect of entanglements.
However, the real polymer networks have many chain entangle-
ments due to uncrossability of the network chains as well as a ﬁnite
extensibility resulting fromthe full stretching of thenetwork chains.
A number ofmodels havebeenproposed todescribe the entangle-
ment contribution to cross-linkedpolymernetworkbehavior, includ-
ing: tube models (Doi and Edwards, 1986; Edwards, 1967; Edwards
and Vilgis, 1988; Mergell and Everaers, 2001); constrained-junction
models (Flory, 1977;Ronca andAllegra, 1975);primitivepathmodels
(Edwards, 1977; Graessley, 1982); slip-link models (Ball et al. 1981;
Edwards and Vilgis, 1986); diffused-constraint model (Kloczkowski
et al., 1995). For reviews, see reviews by Treloar (1975), Rubinstein
and Colby (2003). Higgs and Gaylord (1990), Urayama et al., (2001),
Meissner and Matejka (2002), Urayama et al., (2003) and Uray-
ama(2008) have compared these models with experimental data,
concluded that the Edwards–Vilgis slip-linkmodel (Edwards andVil-
gis, 1986) gives the best agreementwith experiment if all fourmicro-
structural parameters are allowed to be adjustable.
In this work, we formulate a new hybrid free energy function
for polymer gels by combining the free energy of Edwards–Vilgis
slip-link model (Edwards and Vilgis, 1986) of elasticity with Flo-
ry–Huggins mixing model (Flory, 1942; Huggins, 1941). By means
of this new form of free energy function, some representative
boundary value problems are analyzed. The results are compared
with the results from Hong et al. (2009) to investigate the inﬂuence
of entanglements on the mechanical behavior of polymer gels.
2. The new hybrid free energy function of the polymer gels
The free energy of a polymer gel comes from two molecular
processes: stretching the network of the polymers and mixing
the polymers and the solvent molecules. Following Flory and Reh-
ner (1943), the free energy of a polymer gel takes the form:
WðF;CÞ ¼ UðF;CÞ þHðCÞ; ð1Þ
where U(F,C) and H(C) are the contributions from stretching and
mixing, respectively. F is the deformation gradient of the network
and C is the concentration of solvent.
2.1. Elastic free energy calculated by Edwards and Vilgis
Subjected to deformation, the elastic free energy of a gel derived
from the Edwards–Vilgis slip-link model (Edwards and Vilgis,
1986) can be written as:
U kð Þ ¼ 1
2
NckT
1 a2 P k2i
1 a2P k2i þ ln 1 a2
X
k2i
 " #
þ 1
2
NskT ln 1 a2
X
k2i
 
þ 1
2
NskT
X k2i 1þ gð Þ 1 a2 
1þ gk2i
 
1 a2P k2i þ ln 1þ gk2i
 ( )" #
;
ð2Þwhere kiði ¼ 1;2;3Þare the principal stretches; Nc(n/m3)is the
concentration of crosslinks, with representative values Nc =
1024–1027n/m3; Ns is the concentration of slip links, with represen-
tative values Ns = 1024–1027n/m3; a is the inextensibility parameter,
with representative values a = 0.05–0.20; k is the Boltzmann con-
stant; T is the absolute temperature; g is the slippage parameter.
Ball et al. (1981) calculated a theoretical value of g = 0.234, with
the assumption that each slip-link can on average slide as far as
the centers of its topologically neighboring links. Edwards and Vil-
gis (1986) argued that for real situations in a network, g can not be
ﬁxed thus admitting various values of g, in this paper, we will take
g = 0.1–0.4.
In order to treat more general deformations due to the effect of
mechanical loading, we now express the elastic free energy UðkÞ as
a function of principal invariants Ii(i = 1,2,3). In terms of nonlinear
continuum mechanics (Gurtin et al., 2010), when a body is sub-
jected to large deformation, let F be the deformation gradient ten-
sor, B = FFT, C = FTF, then the principal invariants of B are given by
I1 ¼ trB; I2 ¼ 12 ðtrBÞ
2  trðB2Þ
h i
; I3 ¼ detB: ð3Þ
Let S be the deviatoric tensor of B, i.e., S ¼ B 13 ðtrBÞI, where I is the
identity tensor. Then the constitutive relation between k2i and Ii can
be expressed as:
k2i ¼ bIi ¼ 13 I1 þ k^2i ; ð4Þ
where k^2i ði ¼ 1;2;3Þ are the eigenvalues of the tensor S.
Substitution of Eq. (4) into Eq. (2), the desired elastic free energy
function can be obtained:
U I1; I2; I3ð Þ ¼ 12NckT
1 a2 I1
1 a2I1 þ ln 1 a
2I1
  þ 1
2
NskT
 1þ gð Þ 1 a
2
 
1 a2I1
X3
i¼1
bIi
1þ gbIi þ 12NskT
X3
i¼1
 ln 1þ gbIi þ 12NskTln 1 a2I1 : ð5Þ
2.2. Free energy of mixing
Flory and Huggins (Flory, 1942; Huggins, 1941) have derived
the expression for the free energy of mixing the long polymers
and the small solvent molecules, i.e.,
HðCÞ ¼ kTv vCln
vC
1þ vC þ v
vC
1þ vC
 
; ð6Þ
where v is a dimensionless measure of the enthalpy of mixing. For
good solvents, v is in the range 0.1–0.5, in this paper, we will take
v = 0.1; m is the volume per solvent molecule, vC is the volume of
the solvent molecules in the gel divided by the volume of the dry
network.
2.3. The new hybrid free energy function
Substitution of Eqs. (5) and (6) into Eq. (1), we can obtain the
new hybrid free energy function of the polymer gels, in which
the principal invariants, Ii(i = 1,2,3), and the concentration of sol-
vent, C, are used as the independent variables. Because the chem-
ical potential of the solvent molecules l is prescribed, it will be
convenient to regard l as an independent variable.
According to Hong et al. (2008), we assume that both the poly-
mer component and solvent component are individually incom-
pressible, furthermore, the gel is a condensed matter with
negligible void space, so the volume of the gel is the sum of the
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vent, i.e.,
1þ mC ¼ detF: ð7Þ
It should be emphasized that the molecular incompressibility of a
gel is not to be confused with the incompressibility of an elastomer
(Hong et al., 2008). Unlike an elastomer, a gel can undergo an enor-
mous change in volume by imbibing a solvent. The molecular
incompressibility of a gel simply means that the volume of the gel
equals the sum of the volumes of individual molecules of the net-
work and the solvent.
It is natural to introduce another free-energy function cW by
using a Legendre transformation:cW ðIi;l ¼ WðIi;CÞ  lC: ð8Þ
A combination of (1), (5), (6), (7) and (8) gives the desired free en-
ergy function:cW ðIi;lÞ ¼ UðI1; I2; I3Þ þ bHðlÞ; ð9Þ
where
bHðlÞ ¼ kTv ðJ  1Þln J  1J þ v ðJ  1ÞJ
 
 lv ðJ  1Þ; ð10Þ
and J = detF is the third invariant of deformation gradient.
In the present paper, the condition of molecular incompressibil-
ity is enforced without using the Lagrange multiplier, but is instead
enforced by substituting (7) into (8) to eliminate C.
2.4. Hyperelastic constitutive equations
It has been shown that swollen gels can be modeled as hyper-
elastic materials. We now consider a hyperelastic framework. Let
s denote the ﬁrst Piola–Kirchhoff stress tensor. For hyperelastic
materials, s is given by
s ¼ @
cW
@F
: ð11Þ
Let r denote the Cauchy stress tensor, r and s are connected by
r ¼ 1
J
sFT : ð12Þ
Substituting Eq. (9) into Eq. (11), we can obtain:
s ¼ @
cW
@F
¼ @U
@F
þ @
bH
@F
: ð13Þ
According to Eqs. (12) and (13), the Cauchy stress tensor is then gi-
ven by
r ¼ 2
J
F
@U
@C
FT þ hðJÞ; ð14Þ
where
hðJÞ ¼ @H
@J
¼ kTv J
1  ln J
J  1þ vJ
2
 	
 lv :3. Numerical simulation
This section describes several numerical examples of simple
deformations using the new hybrid free energy function and con-
siders the inﬂuence of material parameters on the mechanical
behavior of gels. Some of these examples have been analyzed by
Hong et al. (2009) using the Flory–Rehner free energy function.
The results of Hong et al. (2009) are given for comparison. We have
normalized the chemical potential by kT, and normalized the stress
by kT/v.3.1. Free swelling
In the absence of mechanical load, when a cubic block of a gel is
immersed in a solvent, the gel may swell freely until the chemical
potential of the solvent molecules equilibrates with the external
solvent of chemical potential l0. In this state, we denote these iso-
tropic free-swelling stretches by k0, i.e., k1 ¼ k2 ¼ k3 ¼ k0. By set-
ting the stress (13) to be zero, we obtain:
l0
kT
¼ Ncv 1 2a
2
k0 1 3a2k20
 þ 3a2 1 a2 k0
1 3a2k20
 2
24 35
þ Nsv
1þ gð Þ 1 a2 
k0 1 3a2k20
 
1þ gk20
 2 þ 3a2 1þ gð Þ 1 a2
 
k0
1 3a2k20
 2
1þ gk20
 
24 35
þ Nsv g
k0 1þ gk20
  a2
k0 1 3a2k20
 " #þ ln 1 1
k30
 !
þ 1
k30
þ v
k60
:
ð15Þ
Eq. (15) relates the isotropic free-swelling stretch k0 to the chem-
ical potential l0. The dependence of k0 on
l0
kT is shown in
Fig. 1(a)–(d). The result from Hong et al. (2009) is also plotted
for comparison, which is indicated by open circles in Fig. 1(a).
The results reveal that the free swelling stretch k0 depends
strongly on l0kT , the gel swelling increasingly as the chemical po-
tential increases; it also can be observed that in the nonentangled
state, i.e., Ns = 0, a = 0 and g = 0, our result reduces to the result
of Hong et al.(2009). In order to investigate the effect of sliplinks,
we set the total concentration of crosslinks and sliplinks to be
constant, and alter the sliplink fraction. The variations of free-
swelling ratio k0 with chemical potential at different sliplink frac-
tion are illustrated in Fig. 1(b), the results show that the free-
swelling ratio increases with increasing values of Ns/(Nc + Ns). It
also can be seen from Fig. 1(c) and (d) that the free-swelling ratio
of a material with higher value of a is lower, but for g, the oppo-
site is true.
3.2. Uniaxial extension
A rod of a gel is equilibrated in a solvent of chemical poten-
tial l, and is subjected to a uniaxial stress s1 along the longitu-
dinal direction. The state of deformation can be characterized by
the longitudinal stretch k1 and two transverse stretches k2 ¼ k3.
The stresses in the transverse directions vanish, so that Eq.
(13) gives:
Ncv
k2  2a2k2
1 a2 k21 þ 2k22
 þ a2 1 a2 k2 k21 þ 2k22 
1 a2 k21 þ 2k22
 
 2
8<:
9=;
þ Nsv
1þ gð Þ 1 a2 k2
1 a2 k21 þ 2k22
 
 
1þ gk22
 þ a2 1þ gð Þ 1 a2 k2
1 a2 k21 þ 2k22
 
 2
8<:
 k
2
1
1þ gk21
þ 2k
2
2
1þ gk22
 !)
þ Nsv gk2
1þ gk22
 a
2k2
1 a2 k21 þ 2k22
 " #
þ k1k22ln 1
1
k1k
2
2
 !
þ 1þ v
k1k
2
2
 l
kT
k1k
2
2
" #
1
k2
¼ 0: ð16Þ
This equation determines the transverse stretch k2 for a given lon-
gitudinal stretch k1. Eq. (13) also relates the longitudinal stress to
the stretches:
H. Yan, B. Jin / International Journal of Solids and Structures 49 (2012) 436–444 439s1
kT=v ¼Ncv
k12a2k1
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k1
1a2 k21þ2k22
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9=;þNsv gk11þgk21 a
2k1
1a2 k21þ2k22
 " #
þ k1k22ln 1
1
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2
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2
2
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kT
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2
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" #
1
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Fig. 2(a)–(b) displays the relation between the uniaxial stress s1 and
the longitudinal stretch k1. It can be found from Fig. 2(a) and (b)
that in the uniaxial load state, without consideration of the effect
of entanglements, our results also reduce to the results of Hong
et al. (2009); with consideration of entanglements, in order to
achieve the same elongation, larger uniaxial stress should be ap-
plied relative to those cases which without consideration of the ef-
fect of entanglements.
3.3. A blanket layer of a gel bonded to a rigid substrate
A layer of a gel is attached to a rigid substrate, with stress-free
pre-swelling of isotropic stretch k0 ¼ 1:5. Subsequently, the gel is
brought into contact with a pure liquid solvent with the chemical
potential l = 0. Conﬁned by the substrate, the gel layer swells fur-
ther with a homogeneous swelling ratio k in the direction normal
to the layer, and develops a state of equal-biaxial stress s. The
stress normal to the layer vanishes, so that Eq. (13) gives:
Ncv
k20
k2a2k
1a2 k2þ2k20
 þa2 1a2 k k2þ2k20
 
1a2 k2þ2k20
 h i2
8><>:
9>=>;
þNsv
k20
k2
1þgk2þ
2k20
1þgk20
 !
a2 1þgð Þ 1a2 k
1a2 k2þ2k20
 h i2
8><>:
þ 1þgð Þ 1a
2
 
k
1a2 k2þ2k20
 h i
1þgk2
 2
9>=>;þNsvk20 gk1þgk2 a
2k
1a2 k2þ2k20
 
24 35
þ ln 1 1
kk20
 !
þ 1
kk20
þ v
kk20
 2 ¼ lkT ; ð18Þ
where the two in-plane stretches are constrained by rigid substrate
to be the initial value k0, but the out-of-plane stretch k can vary
with the chemical potential. The magnitude of the biaxial stress is
given by
s
kT=v ¼ Ncv
k0  2a2k0
1 a2 k2 þ 2k20
 þ a2 1 a2 k0 k2 þ 2k20 
1 a2 k2 þ 2k20
 
 2
8<:
9=;
þ Nsv k
2
1þ gk2 þ
2k20
1þ gk20
 !
a2 1þ gð Þ 1 a2 k0
1 a2 k2 þ 2k20
 
 2
8<:
þ 1þ gð Þ 1 a
2
 
k0
1 a2 k2 þ 2k20
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1þ gk20
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þ Nsv gk0
1þ gk20
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2k0
1 a2 k2 þ 2k20
 " #þ kk20ln 1 1kk20
 !"
þ1þ v
kk20
 l
kT
kk20
#
1
k0
: ð19ÞFig. 3(a)–(d) plots the swelling curves for biaxial constrained gel
layer for various values of material parameters. It is of interest to
note that in the absence of entanglements, our result reduces to
the result of Hong et al. (2009) once more. By comparing with free
swelling (Fig. 1), we note that the biaxial constraint can signiﬁ-
cantly increase the stretch in the direction normal to the layer. It
also can be observed that entanglements can signiﬁcantly restrict
the stretch in the direction normal to the layer, the gel swells less
when the network is more densely entangled (i.e., large Ns/(Nc + Ns)
in Fig. 3(b)), and the stretches exhibit signiﬁcant change with the
variation of a and g at high values of chemical potential.
Upon swelling, the conﬁnement by the substrate induces an
equal-biaxial compressive stress in the gel layer, the relations be-
tween the induced stress and the chemical potential are plotted
in Fig. 4(a)–(d). It can be easily found that the magnitude of the
equal-biaxial compressive stress s increases with increasing chem-
ical potential, and increases with increasing the sliplink fraction
Ns/(Nc + Ns) and a, but decreases with increasing value of g.3.4. Simple shear
In this section we discuss the equilibrium problem of simple
shear of a homogeneous, isotropic gel. A cubic block of a gel is im-
mersed in a pure liquid solvent with the chemical potential l = 0,
with stress-free pre-swelling of isotropic stretch k0 ¼ 1:5. Subse-
quently, the gel is subjected to large simple shear deformation.
The coordinate of any point of deformed element can be written as:
x1 ¼ k0X1 þ ck0X2; x2 ¼ k0X2; x3 ¼ k0X3; ð20Þ
where (X1,X2,X3) and (x1,x2,x3) denote the Cartesian coordinates of
a typical particle before and after deformation, respectively; and c is
the shear strain. By virtue of these coordinate expressions, the
deformation gradient F, the left Cauchy-Green deformation tensor
B and its inverse B1 can be obtained as follows:
½F ¼
k0 k0c 0
0 k0 0
0 0 k0
264
375; ½B ¼ k
2
0ð1þ c2Þ k20c 0
k20c k
2
0 0
0 0 k20
264
375;
B1
h i
¼
1
k20
 c
k20
0
 c
k20
1þc2
k20
0
0 0 1
k20
26664
37775; ð21Þ
and three principal invariants of B are given by
I1 ¼ trB; I2 ¼ 12 I
2
1  trðB2Þ
 
and I3 ¼ detB:
So that for simple shear we have:
I1 ¼ 3k20 þ k20c2; I2 ¼ 3k40 þ k40c2 and I3 ¼ k60ð1þ c2Þ: ð22Þ
As mentioned in the previous section, the Cauchy stress tensor r is
given by
r ¼ 2
J
F
@U
@C
FT þ hðJÞ:
Evaluating @U
@C in terms of the dependence on I1, I2 and J gives:
r ¼ 2
J
@U
@I2
B2 þ 2
J
@U
@I1
þ I1 @U
@I2
 	
Bþ @U
@J
þ hðJÞ
 	
I: ð23Þ
An alternative to Eq. (23) follows from the Cayley–Hamilton
equation:
B3  I1B2 þ I2B I3I ¼ 0: ð24Þ
Fig. 2. A rod of a gel is subjected to a uniaxial stress, and is in contact with a solvent of a given chemical potential. The applied stress is plotted as a function of the stretch
with: (a) Nsm = 0, a = 0, g = 0, (b) Nsm = 0.001, a = 0.1, g = 0.1. While the solvent is held at several levels of the chemical potential. Open circles in (a) indicate the results of Hong
et al. (2009).
Fig. 1. Variation of the free swelling ratio of a gel with the chemical potential of the solvent for: (a) Nsm = 0, a = 0, g = 0, and for various values of (b) Ns/(Nc + Ns), (c) a, (d) g.
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B2 ¼ I1B I2Iþ I3B1: ð25Þ
Using this relation to eliminate B2 from Eq. (23), the general stress–
strain relation (23) reduces to:
r ¼ 2
J
ðU2I2 þU3I3ÞIþU1BU2I3B1
h i
þ hðJÞI; ð26Þ
where Ui ¼ @U@Ii ði ¼ 1;2;3Þ. A combination of Eqs. (21) and (26), for
simple shear, the in-plane Cauchy stresses are therefor given by
r11 ¼ 2J U2I2 þU3I3 þU1k
2
0ð1þ c2Þ 
U2I3
k20
" #
þ hðJÞ; ð27aÞ
r22 ¼ 2J U2I2 þU3I3 þU1k
2
0 
U2I3ð1þ c2Þ
k20
" #
þ hðJÞ; ð27bÞ
r12 ¼ 2cJ U1k
2
0 þ
U2I3
k20
 !
; ð27cÞand the out-of –plane stress is:
r33 ¼ 2J U2I2 þU3I3 þU1k
2
0 
U2I3
k20
" #
þ hðJÞ; ð27dÞ
when an elastic material is subjected to shear strains that are large
but insufﬁcient to induce signiﬁcant plastic ﬂow or yielding, the in-
duced shear stress is accompanied by unequal normal stresses, a
phenomenon known as the Poynting effect (Poynting, 1909). The
Poynting effect is described in terms of the normal stress differ-
ences N1 and N2, whose deﬁnitions are given by
N1 ¼ r11  r22 ¼ r12c ¼ 2J U1k
2
0c
2 þU2I3c
2
k20
 !
; ð28aÞ
N2 ¼ r22  r33 ¼ 2J
U2I3c2
k20
: ð28bÞ
A series of simulations of simple shear up to deformations of c = 0.8
have been performed for various values of material parameters. We
start with the shear stress r12 plotted in Fig. 5(a)–(d), the
Fig. 4. A blanket layer of a gel is bonded to a rigid substrate and is in contact with a solvent. The gel may develop an equal-biaxial compressive stress. Variation of the equal-
biaxial compressive stress with the chemical potential is plotted for: (a) Nsm = 0, a = 0, g = 0, and for various values of (b) Ns/(Nc + Ns), (c) a, (d) g. The stretch of the initial
swelling is set to be k0 ¼ 1:5.
Fig. 3. A blanket layer of a gel is bonded to a rigid substrate and is in contact with a solvent. The gel swells in the normal direction. Variation of the stretch with the chemical
potential is plotted for: (a) Nsm = 0, a = 0, g = 0, and for various values of (b) Ns/(Nc + Ns), (c) a, (d) g. The stretch of the initial swelling is set to be k0 ¼ 1:5.
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energy function (Flory and Rehner, 1943) is presented in Fig. 5(a).
As can be seen from Fig. 5(a), in the absence of entanglements
(i.e., Ns = 0, a = g = 0), the agreement is very good. It also can be ob-
served that shear stress displays approximate linear relation vs.
strain, and the entanglements may signiﬁcantly inﬂuence the mag-nitude of the shear stress. The shear stress increases continuously as
the sliplink fraction Ns/(Nc + Ns) decreases, and increases with
increasing the value of a, while diminishes with increasing the va-
lue of g.
The ﬁrst and second normal stress difference N1 and N2 in sim-
ple shear as a function of shear strain c is plotted in Fig. 6(a)–(d)
Fig. 5. A cubic of a gel is subjected to simple shear strains, and is in contact with a solvent of given chemical potential. Variation of the shear stress r12 with the shear strain c
is plotted for: (a) Nsm = 0, a = 0, g = 0, and for various values of (b) Ns/(Nc + Ns), (c) a, (d) g. The stretch of the initial swelling is set to be k0 ¼ 1:5, the chemical potential of the
solvent is set to be l = 0.
Fig. 6. Be subjected to large simple shear deformation, the ﬁrst normal stress difference N1 does vanish. Variation of the ﬁrst normal stress difference N1 with the shear strain
c is plotted for: (a) Nsm = 0, a = 0, g = 0, and for various values of (b) Ns/(Nc + Ns), (c) a, (d) g. The stretch of the initial swelling is set to be k0 ¼ 1:5, the chemical potential of the
solvent is set to be l = 0.
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(of negative sign) increase in magnitude with an increasing the val-
ues of a, but diminish with an increasing the values of g. With
increasing the sliplink fraction Ns/(Nc + Ns), the ﬁrst normal stressdifference N1 decreases, while the second normal stress difference
N2 increases. Further more, as can be seen from Fig. 7(a), the sec-
ond normal stress difference N2 is zero for complete crosslinked
networks (i.e., Ns = 0, a = 0, g = 0).
Fig. 7. Be subjected to large simple shear deformation, the second normal stress difference N2 does vanish. Variation of the second normal stress difference N2 with the shear
strain c is plotted for various values of: (a) Ns/(Nc + Ns), (b) a, (c) g. The stretch of the initial swelling is set to be k0 ¼ 1:5, the chemical potential of the solvent is set to be l = 0.
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The present paper considers a hybrid free energy function of gels
composed of the Edwards–Vilgis slip-link model and the Flory–
Huggins solution theory. Based on this new free energy function,
several numerical examples of homogeneous large deformations
are analyzed here. The results show that without consideration of
the entanglements, this new hybrid free energy function may re-
duce to the Flory–Rehner free energy function; numerical results
also show that the entanglements have an important inﬂuence on
the mechanical behavior of the polymer gels.
By adjusting material microstructure parameters to ﬁt experi-
mental data, and implementing this new free energy function
developed here in a ﬁnite element program, diverse complex phe-
nomena in neutral polymer gels and polyelectrolyte gels are ex-
pected to be analyzed. Including inhomogeneous deformation
and various forms of instabilities induced by the constrained swell-
ing or deswelling under diverse geometric constraints; the kinetic
response of the polyelectrolyte gels induced by the environmental
stimulus and their applications in drug delivery system.
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